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The determination of accurate material composition of a kidney stone is crucial 
for understanding the formation of the kidney stone as well as for preventive therapeutic 
strategies. Radiations probing instrumental activation analysis techniques are excellent 
tools for identification of involved materials present in the kidney stone. The X-ray 
fluorescence (XRF) and neutron activation analysis (NAA) experiments were performed 
and different kidney stones were analyzed. The interactions of X-ray photons and  
neutrons with matter are complementary in nature, resulting in distinctly different 
materials detection. This is the first approach to utilize combined X-ray fluorescence and 
neutron activation analysis for a comprehensive analysis of the kideny stones. Presently, 
experimental studies in conjunction with analytical techniques were used to determine the 
exact composition of the kidney stone. The use of open source program Python Multi-
Channel Analyzer was utilized to unfold the XRF spectrum. A new type of experimental 
set-up was developed and utilized for XRF and NAA analysis of the kidney stone. To 
verify the experimental results with analytical calculation, several sets of kidney stones 
were analyzed using XRF and NAA technique. The elements which were identified from 
XRF technique are Br, Cu, Ga, Ge, Mo, Nb, Ni, Rb, Se, Sr, Y, Zr. And, by using Neutron 
Activation Analysis (NAA) are Au, Br, Ca, Er, Hg, I, K, Na, Pm, Sb, Sc, Sm, Tb, Yb, Zn. 
This thesis presents a new approach for exact detection of accurate material composition 
of kidney stone materials using XRF and NAA instrumental activation analysis 
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1.1. RADIATION PROBING TECHNIQUES AND KIDNEY STONE ANALYSIS 
Kidney stone is one of the most common diseases expected to affect in a person 
life time. A study suggests that 1 in 11 people suffer from a kidney stone disease in the 
United States [1]. The main factors contribute to the formation of a kidney stone are age, 
sex, occupation, social class, climate and dietary habits. Kidney stone is a crystal 
aggregation formed in the kidney from super saturation of urine with salts. Therefore, 
formation of different type of kidney stones depend on the urinary pH and type of salt 
constituents involved in such case. The formation of stone primarily depends on major 
constituents. However, knowledge of minor and trace elements is also important for 
treatment and development of medicines for kidney stones. Radiation probing elemental 
analysis techniques provides an excellent tool of nondestructive examination of a given 
sample for qualitative and quantitative information. Furthermore, Energy Dispersive X-
ray Fluorescence (EDXRF), X-ray Diffraction (XRD), Rutherford Back Scattering 
(RBS), Proton Back Scattering (PBS) and Instrumental Neutron Activation Analysis 
(INAA) are popular techniques for determination of minor and trace elements in the 




1.2. X-RAY FLUORESCENCE 
The widespread use of X-ray Fluorescence (XRF) as a versatile tool for the 
quantitative and qualitative determination of major, minor and trace elements in the 
samples of interest can be found in industry, research and medical applications. Basically, 
X-ray Fluorescence (XRF) Spectroscopy measures the intensity of emitted X-ray from a 
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sample in terms of energy or wavelength. The energies of intensity are characteristic of 
atoms of the sample. This observed intensity for a given atoms represents the amount of 
that particular atoms present in the sample. Therefore, XRF provides qualitative and 
quantitative data for involved atoms of the elements in the sample. In other words, 
qualitative approach provides information of involved elements in the sample by 
identifying atoms associated with the observed characteristics lines of the corresponding 










Furthermore, quantitative approach allows determining the amount of each 
involved atom present in the sample utilizing the intensity of characteristics lines of the 
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corresponding atom. There are variety of instrumentation can be utilized for X-ray 
fluorescence spectroscopy. This instrumentation can be classified in two different 
categories of Wavelength Dispersive and Energy Dispersive spectroscopy, depending on 
the nature of measurements. As name suggests, in wavelength dispersive spectroscopy, 
only X-ray intensity as a function of wavelength will be utilized for analysis. Similarly, 
X-ray intensity as a function of energy can be utilized for spectrum analysis. In this 
research Energy Dispersive X-ray Fluorescence was utilized for the analysis of kidney 
stones. It is also important to mention that creation of inner orbital vacancy by different 
methods is also an important aspect of the XRF spectrometry instrumentation system. 
Mainly, utilization of high energy X-ray, high energy electrons and proton beams are the 
methods to bombard the sample. The interaction of photon beam with sample experiences 
a photon absorption interaction. On the other hand, electron and proton beams experience 
a Coulomb interaction with the sample. Different types of radiation sources can be used 
to generate the radiation beam i.e. X-ray tube can produce high energy x-rays but this 
beam will be polychromatic in nature, radionuclide sources can produce low power 
monochromatic beam. 
In wavelength dispersive spectrometry, Bragg‘s law and a crystal is used to 
analyze the wavelength which enters to a detector. A discriminator is applied in this type 
of arrangements to discard the undesired orders of Bragg reflections. The different 
analyzing crystals with different Bragg d-spacing can be utilized for wavelength 
sensitivity of the desired system.  
On the other hand, in energy dispersive spectrometry, a solid state detector and a 
multi-channel analyzer is used to measure the X-ray intensity as a function of energy. 
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In XRF, the materials get exposed to X-rays or to gamma rays results in the 
ionization of the atom. The ionization of the atom causes the ejection of one or more 
electron from the atom, which makes the electronic structure of the atom unstable. In this 
process, the electron from the higher orbitals falls into lower orbital to fill the hole.  
Consequently, energy is released in the form of the photon which is equal to the 
difference of the energy of the involved orbitals (see Fig. 1.2). This emitted radiation and 
energy is unique to the material involved and can be used to identify different elements 










1.2.1. Matrix Effects. The primary radiation beam interacts with the sample and 
get absorbed. Thereafter, a fluoresced X-ray is emitted from an atom and it is also 
absorbed by the detection system. The fluoresced X-ray may enhance the intensity of 
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lower energy X-rays. In short, the absorption of primary radiation, and absorption and 
enhancement of characteristics line is collectively known as matrix effects. 
As earlier mentioned that the intensity of the emitted radiation is related to the 
concentration of the associated element. It is important to mention that to a quantitative 
relationship between element concentration and characteristics X-ray needs to be 
established. The below general equation given by Hamos [2], can be utilized for 
expressing the above discussed relationship.  
              (1) 
 
Where Ri is the ratio between the measured x-ray intensity of element i in an 
unknown sample and the x-ray intensity measured for a sample of element i. The constant 
Ki is a function of the composition of the sample, the mass absorption coefficients of 
sample constituents, and the measurement geometry. The above equation provides an 
empirical method of determining element concentrations from measured counts. 
1.2.2. Sherman Equation. The use of X-ray fluorescence for the determination 
of unknown elements in the sample became popular after the discovery of XRF. 
Therefore, to better describe X-ray absorption and enhancement, Sherman [3, 4] provided 
a more specific equation for the relationship between the fluoresced x-ray intensity and a 
multi element sample exposed to a monochromatic beam of energy E for primary 
absorption. 
   
  
       
     (     )  ( )
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Also note that, 
 ( )  ∑     ( )     (3) 
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Where, Ii is Intensity of observed characteristic line of element i, E is Energy of 
incident radiation, Ei is Energy of the characteristic line of element i being measured, S is 
Irradiated surface area of specimen, Ci  is Concentration of element i in the specimen, gi 
is Proportionality constant for characteristic line of element i, ѱ1 is Angle between the 
specimen surface and the incident x-rays, ѱ2 is Angle between the specimen surface and 
the detector, Ω  is Solid angle subtended by the detector, к(Ei,Ii) is Response of 
instrument at energy Ei of characteristic line energy of element i, μi(E) is Mass absorption 
coefficient of element i at incident energy E, μ(E) is Total absorption coefficient of 
specimen at incident energy E, μ(Ei) is Total absorption coefficient of specimen at 
characteristic line energy of element i. 
1.2.3. Fundamental Parameter Method. The above description of Sherman‘s 
equation represents the intensity of a characteristic X-ray fluoresced from an element 
contained in a sample of known composition. The information of determined 
concentration of elements can be utilized to calculate the composition of a sample 
utilizing measured set of intensities. This direct use of Sherman‘s equation is known as 
the Fundamental Parameter method. Furthermore, in this method, the effect of instrument 
and measurement geometry in the calculation can be removed by utilizing characteristics 
line intensities of known composition. Theoretically, this equation applicable for all 
absorption and enhancement therefore a standard is required for each element in the 
sample. It should be noted that this required standard must account for reflection from the 
surface of the sample. 
1.2.4. Calculation of Concentration. The general and basic expression used in 
XRF analysis for converting measured net intensities into concentrations is given by [5] 
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                 (4) 
 
Where, Ci = Concentration of the element in the sample 
Ki = Calibration factor 
Ii = Measured net intensity of i 
Mi = Factor correcting the effect of the sample matrix composition on intensity i 
There are numerous established methods to perform quantification in XRF 
spectrometry. These methods can be broadly classified into two types; empirical and 
theoretical methods. The empirical and theoretical methods can be further sub-
categorized depending on the factors such as sample preparation, applied radiation 
intensity and resulting measurements. In short, the intensity of the emitted radiation is 
always related to the concentration of the elements and different procedures can be 
adopted or proposed to perform the quantitative analysis of the sample. In addition, it has 
been found that methods demonstrated by Hamos and Sherman have been frequently 
applied in the researched literature. The ―Fundamental Parameter Method‖ is an example 
of such method which is the direct use of the Sherman‘s equation. Moreover, 
advancement in computational techniques led to the development of commercial and 
open source programs i.e. AXIAL and PyMCA for quantitative and qualitative analysis 
of the XRF spectrometry data. The program algorithms mainly rely on the spectrum 
fitting techniques and thereupon procedures. In this research, efforts were being made to 
utilize an open source program PyMCA to determine the elements of different types of 
kidney stones and their concentrations using XRF spectrometry. This is the first approach 
to perform such analysis and it will facilitate the inexpensive measurements in 
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determining the elements of the kidney stones and their concentrations. To establish a 
consistency in measurements several kidney stone were analyzed. To perform the XRF 
experiments a gamma source Cd-109 of 1µCi was used for the photo excitation of the 
kidney stone. Ortec GLP series (> 3 keV) detector was used for the measurements. The 
energy spectrum was obtained from XRF. The energy peaks of obtained spectrum were 
then used to analyze the elements using open source PyMCA program. The results can be 
effectively utilized for preventive therapeutic studies and development of new medicines 




1.3. INTERACTION OF PHOTONS WITH MATTER 
Photons are a form of electromagnetic radiation with no mass, no charge and have 
a velocity equivalent to speed of light. Since, photons are electrically neutral so they do 
not lose energy through interaction with atomic electrons like charged particles. Photon 
travels at considerable distance and interact with atomic electrons resulting in partial or 
total photon energy transfer to electron energy. The resulting electrons then deposit the 
energy in the medium. Photons are more penetrating compared to charged particles for 
the same energy [6]. 
1.3.1. Photoelectric Absorption. In photoelectric absorption, photons get 
completely absorbed by the matter, and eject an orbital electron (see Fig.1.3). The 
photoelectron gets emitted by one of the bound shell (K, L, M or N) of an atom. The 
energy of the photon must be equal to the photoelectron for photoelectric absorption to 
occur. In other words, the photoelectric effect occurs between a photon and a bound 
atomic electron. The photoelectron is ejected with a kinetic energy equivalent to the 
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difference between the initial photon energy and the binding energy of the electron. The 










Ee  hν– BE      (5) 
Where, hν = photon energy 
h = 6.626 x 10
-34
 J.s (Planck‘s Constant) 
ν = Frequency of X-ray 
BE = binding energy 
Photoelectric absorption is the dominant process for photon energies in the order 
of 50keV. It is also dominant in atoms of the high atomic number materials. It is shown 
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(see Fig.1.4) that when the total electron kinetic energy is equal to the incident X-ray 
energy, the differential distribution of electron kinetic energy for a series of photoelectric 











1.3.2. Characteristic X-rays. The release of energy following electronic 
transition appears as an X-ray energy which is equal to the difference of the binding 
energy of the two electron states. A characteristic X-ray produced by an electron from the 
L shell by filling a vacancy into the K shell is termed as Kα. The energy of Kα is equal to 
the difference between the binding energies of K and L shells. Similarly, Kβ and Kγ are 
equal to the difference between the binding energies of K and L, and M and K shell, 
respectively. Furthermore, the stable atom has discrete electronic shell and therefore 
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emits a characteristic fluorescent radiation (see Fig.1.5). This phenomenon is used by 










1.3.3. Auger Electrons. An atom may return back to a stable state after the 
photoelectric absorption by transferring its excitation energy to an outer shell electron. 
This ejected electron from orbital known as an Auger electron (see Fig. 1.6). The energy 
of this Auger electron is equal to the difference of atomic excitation energy and the 
binding energy of the orbit from where the Auger electron is ejected. The Auger effect is 
more pronounced in the low atomic number materials than the high atomic number 








1.3.4. Fluorescence Yield. It is clear from above discussion that all incident X-
ray photons do not result in fluorescent X-ray emissions and the fraction of characteristic 
X-ray emission are expressed by the fluorescence yield. It is important to yield high 
fluorescence for XRF measurements. The emissions of a characteristic X-ray and an 
electron, both are competing mechanism in atomic de-excitation for photoelectric 
absorption. Therefore, the fraction of characteristic X-ray emission after the electron shell 
ionization can be given by the fluorescence yield. For example K shell ionization, the 
fluorescence yield can be given by the following equation: 
    
  
  
     (6) 
Where, nk is the number of Kα X-rays emitted from the sample and Nk is the 
number of vacancies created in the K shell. The K-shell fluorescence yield is smaller for 
light materials and increases sharply for high atomic number materials as fraction of 
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auger electron decreases (see Fig.1.7). It is important to note that fluorescent yield of 
value 1 would be ideal for XRF measurements. Therefore, fluorescent yield play an 









1.3.5.  Compton Scattering. In Compton Scattering a high-energy photon 
interacts with a target, which has loosely bound electrons on its outer shell. After the 
interaction, the photon changes direction and its energy is reduced to an amount that is 
given off to the electron (see Fig. 1.8, 1.9). Compton scattering occurs between the 
energy ranges of 100keV to 10MeV. In this process, X-rays rays impinge on the detector, 
but impart some of its energy to an electron(s). The remaining energy is then converted 
into a new, lower energy, scattered X-ray. If the incident X-ray has a frequency, ν and is 
scattered through an angle θ, the kinetic energy of the electron is given by [12, 13]: 














By the principle of conservation of momentum, the energy of the scattered photon 





  (      )
  
    
     (8) 
Where m0 is the rest mass of an electron. Thus the kinetic energy transferred to 
the electron is: 
Ee  hν–  hν  hν
(      )
  
    
   (      )
  
    
    (9) 
Between the energy range of 0.5 MeV and 2.5MeV; Compton scattering is the 
dominant Process, whereby photons transfer their energy to matter. The physical form of 
the medium through which is the X-rays are passing is not very important. It is the 
electron density, which is related to the bulk density of the medium, which is the 
important factor. In normal circumstances, all scattering angles will occur in the detector. 
Therefore, a continuum of energies can be transferred to the electron, ranging from zero 










1.3.6. Pair Production. Pair production takes place with high-energy X-rays 
where energies greater than 1.02MeV. In this process, the X-ray photon spontaneously 
transforms into an electron and positron (see Fig. 1.11, 1.12) when it is in the vicinity of 
the Coulomb force of the nucleus. The excess energy of the rest mass of the electron and 
positron is transferred into the kinetic energy of the two particles and the recoil of the 
local nucleus. Typically, both the electron and positron travel very short distances before 
losing their kinetic energy to the absorbing medium. Thus a spike occurs at an energy 
corresponding to the initial energy of the X-ray minus the rest mass of the two particles: 


















1.4. PHOTON ATTENUATION IN KIDNEY STONE 
The photon attenuation in the kidney stones can be expressed by that how many 
photons interact with atomic electrons of the kidney stones. This fraction can be 
mathematically expressed by the following equation. 
F = 1 – e-μm
ρx
      (11) 
 
In above equation, µm is the mass attenuation coefficient, ρ is the density and x is 
the thickness of the kidney stones. The mass attenuation coefficient represents the 
probability of all possible photon interactions in a unit mass. Furthermore, a graph of the 
mass attenuation coefficient and photon energy can be plotted and then absorption edges 
can be identified. Based on absorption edges, attenuation characteristics in terms of 
photoelectric absorption, pair production in nuclear/electron field, coherent/incoherent 




1.5. NEUTRON ACTIVATION ANALYSIS 
NAA is routinely used worldwide as a referee method to identify trace elements 
in samples. Neutron Activation Analysis (NAA) is a sensitive multi element analytical 
technique.  It is mainly used for qualitative and quantitative analysis of major, minor and 
rare elements.  NAA was discovered by Hevesy and Levi in 1936 [14]; they found certain 
elements become highly radioactive after exposure to source of neutrons. In comparison 
to other spectroscopic techniques, NAA relies on nuclear transitions than electronic 
transitions.  For elemental analysis, NAA offers sensitivities that are superior to other 
elemental techniques, on the order of parts per billion or better [14-17].  
In NAA, sample is irradiated under neutron flux, consequently become 
radioactive.  This radioactive sample becomes stable by emission of one or more gamma 
rays.  Due to the fact, specific gamma ray energy recorded by semiconductor detector; 
element(s) in the sample corresponding to their gamma energy levels can be identified in 
an efficient manner. Furthermore, there are other factors that can also be accounted for 
the detection of the specific elements in the sample; such as specific half-life of 
radionuclide, prompt gamma ray emission, delayed gamma ray emission or particular 
form of radionuclide after few/ several hours of irradiation.  The main instrumentation 
system are required to perform NAA is a need of neutron source (MST reactor in our 
case) to irradiate the sample, semiconductor detector (HPGe detector) to detect gamma 
rays and comprehensive knowledge of the reactions when neutron interacts with the 
particular sample. [14-16] 
1.5.1. Theory and Methodology. In neutron activation analysis, (see Fig.1.13) 
sample is initially irradiated under neutron flux to obtain specific gamma ray signature 
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for a particular element in the provided kidney stone.  Furthermore, neutrons interact with 
the sample via an inelastic collision, a target nucleus absorbs a neutron (uncharged 
particle) and transforms into a compound nucleus in an excited state.  The excitation 
energy of the compound nucleus depends on the binding energy of the neutron with the 
nucleus.  To attain a stable configuration this excited nucleus de-excite into a more stable 









In many cases, compound nucleus decays by emission of one or more 
characteristic delayed gamma rays, but at a much slower rate according to the unique 
half-life of the radioactive nucleus. In particular, with respect to the counting time of 
delayed gamma ray on semiconductor detector, NAA can be described into two 
categories: 1) Prompt Gamma Ray Neutron Activation Analysis, 2) Delayed Gamma Ray 
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Neutron Activation Analysis. In PGNAA, gamma ray counting takes place during the 
irradiation or immediately after the irradiation.  The PGNAA technique is employed to 
the elements with extremely high neutron capture cross-sections (B, Cd, Sm, and Gd); 
these elements decays so rapidly and difficult to measure by DGNAA method.  On the 
other hand, in DGNAA counting takes place after the irradiation and depends on the half-
life characteristic of decayed radionuclide.  As a result, interference by shorter-lived 
radionuclide can be removed and provide better sensitivity for a longer lived radionuclide 
[14-17]. At the MST reactor (see Fig.1.14), NAA analysis has been performed for 
identification of elements in the kidney stone.  In principle, identification of the particular 
element in a sample was determined by using delayed gamma neutron activation analysis.  
As explained above, analysis has been performed using DGNAA method.  The irradiation 
time and reactor power was varied (lower to higher) to obtain reliable gamma ray energy 
spectrum.  In addition, counting time (lower to higher), and decay time was also 






Figure 1.14. Experimental Setup for DGNAA at MST Reactor 
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1.5.2. Neutron Energy Distribution. In NAA, various types of neutron sources 
(reactors, accelerators, and radioisotopic neutron emitters) can be used, nuclear reactor 
with high flux provide the best sensitivity.  The neutron energy distributions (see 











 The thermal neutron - low-energy neutrons (energies below 0.5 eV)  
 The epithermal neutron component consists of neutrons (energies from 0.5 eV to 
about 0.5 MeV) 
 Thermal and epithermal neutrons induce (n,γ) reactions on target nuclei. 
 The fast neutron component of the neutron spectrum (energies above 0.5 MeV) 
 Fast neutrons contribute very little to the (n, γ) reaction, but instead induce nuclear 
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reactions where the ejection of one or more nuclear particles - (n,p), (n,n'), and (n,2n) 
 In general, a one-megawatt reactor has a peak thermal neutron flux of 
approximately 1E13 neutrons per square centimeter per second. [14] 
1.5.3. Sensitivities Dependence. The sensitivity of NAA depends on the 
irradiation parameters (neutron flux, irradiation time and decay time), counting 
conditions (measurement time, detector efficiency), and nuclear parameters (isotopic 
abundance, neutron absorption cross sections, half-life, and gamma-ray abundance). ―The 
accuracy of an individual NAA determination usually ranges between 1 to 10 percent of 
the reported value. (see Table 1.1) lists the approximate sensitivities for determination of 





Table 1.1 Estimated Detection Limits for INAA using Decay Gamma Rays. Assuming 







Sensitivity (picograms) Elements 
1  Dy, Eu 
1–10  In, Lu, Mn 
10–100  Au, Ho, Ir, Re, Sm, W  
100–1E3  
Ag, Ar, As, Br, Cl, Co, Cs, Cu, Er, Ga, Hf, I, La, 
Sb, Sc, Se, Ta, Tb, Th, Tm, U, V, Yb 
1E3–1E4 
Al, Ba, Cd, Ce, Cr, Hg, Kr, Gd, Ge, Mo, Na, Nd, 
Ni, Os, Pd, Rb, Rh, Ru, Sr, Te, Zn, Zr 
1E4–1E5 Bi, Ca, K, Mg, P, Pt, Si, Sn, Ti, Tl, Xe, Y 
1E5–1E6 F, Fe, Nb, Ne 






2. DESCRIPTION OF INSTRUMENTATION SYSTEMS 
2.1. X-RAY FLUORESCENCE SYSTEM 
The XRF instrumentation used in this research was consisting of a radiation 
source to excite the kidney stone, a HPGe detector to collect the fluorescent X-rays and 
associate electronics to analyze the spectrum (see Fig. 2.1 and Table 2.1). The Cd-109 
source was specifically chosen for its stability and small size for continuous and 
monochromatic beam. The Cd-109 emits energy at 88 keV (4%), 25 keV (14 %), 22 keV 
(85%) which is useful to detect light atomic number elements in the kidney stones. 
Furthermore, Cd-109 can detect characteristic K-line of elements from Iron (Fe) to 
























Activity 1 μCi 
Half-life 453 days 
Emissions Gamma 
Energies (MeV) 0.088 (4%), 0.025 (14 
%), 0.022 (85%) 
HPGe DETECTOR 
 
Model No. GLP-16195/10P4 
Detector Diameter 16 mm 
Detector Length 10 mm 
End Cap to Detector 7 mm 
Dead Layers (Germanium) 0.3 μm 
Window Thickness (Beryllium) 0.127 mm 
Operating Bias (Recommended) - 2000V 
Resolution (FWHM) at 5.9 keV, 55Fe 204 eV 




2.2. NEUTRON ACTIVATION EXPERIMENTS 
The neutron activation analysis experiments require a neutron source to irradiate 
the kidney stones. In general, a neutron generator or a nuclear reactor can be utilized to 
perform such experiments. In this research, MST nuclear reactor (see Fig. 2.2) was 
utilized to perform NAA on the kidney stones. Furthermore, utilization of nuclear reactor 
will also be more effective and efficient, because high thermal neutron flux can be 
achieved in this case. In addition, most elements use to have high thermal absorption 
cross-section which will also help in detection of elements in the irradiated kidney stone. 
The thermal neutron absorption cross-section represents the probability of neutron 
capture in thermal region.  
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The MSTR is an open-pool type research reactor which has maximum power of 
200 kW. The nuclear reactor has a number of facilities which can be used for sample 
irradiation and experiments. These include the thermal column, beam port, pneumatic 
sample transfer system, sample rotor assembly, core access and isotope production 
elements, and void tubes. In this research, the pneumatic transfer (rabbit) system was 
used to rapidly transfer kidney samples to and from the reactor core. The kidney stone 
samples were irradiated at 100 kW power for 3 hours. The irradiated kidney stone 
























Table 2.2. Source and Detector Description of NAA Instrumentation System 
SOURCE 
 








Model No. BE3825 
Detector Diameter 70 mm 
End Cap to Detector 3.50 inches 
Window Thickness (Carbon Composition) 0.6 mm 
Operating Bias (Recommended) 4000V 
Resolution (FWHM) at 5.9 keV, 55Fe 403 eV 




2.3. EXPERIMENTAL SET-UP REQUIREMENTS AND SAMPLE 
PREPARATION 
 
To perform XRF and NAA experiments on the kidney stones specific set of 
requirements have been considered. The complete description of kidney stones and their 
chemical composition are provided in the given table (see Table 2.3). Radiation source 
for the irradiation of kidney stone was selected based on the energy range requirement 
and detector properties. The kidney stone samples were dried at room temperature for 
two weeks. The drying process was conducted in a controlled environment. Once the 
drying period was complete, the sample was put into a polyethylene vial. Gloves were 
worn at all times while the sample or vial was being handled. These efforts were meant to 
help avoid unnecessary contamination. Furthermore, for NAA experiments the dried 
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kidney stone samples were converted into a powdered form using a pestle and mortar. 





Table 2.3 Description of Kidney Stones 
APATITE KIDNEY STONE 
 




Mass (g) 0.11690 






Mass (g) 0.05397 






Mass (g) 0.12555 






Mass (g) 0.03888 






Mass (g) 0.08234 






Mass (g) 0.14770 






Mass (g) 0.14209 
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2.4. DETECTOR SET-UP 
Photons can interact with a germanium crystal in various ways. However, in 
detector operation three main interaction processes (photoelectric absorption, Compton 
scattering and pair production) are normally considered. In all three cases generation of 
free electrons take place. These electrons are slowed down on their path through the 
matter and they create electron-ion or electron-hole pair. In a photon detector, one makes 
use of these charged pair either to detect the passage of a photon or to determine its 
energy by measuring the quality of charge produced (see Fig. 2.3) [19]. 
The operation of a detector involves: 
 First, the conversion of the photon energy to kinetic energy of electrons (and 
positrons) by following interaction process; photoelectric absorption, Compton 
scattering or pair production. 
 Second, the production of electron-ion pairs, electron-hole pairs or excited molecular 
states by these electrons. 






Figure 2.3. Schematic of Germanium Semiconductor Detector [8, 19] 
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Under the influence of an electric field (as Germanium detector is attached to 
voltage supply), electrons and holes travel to the electrodes, where they result in a pulse 
that can be measured in an outer circuit (see Fig. 2.4). As the amount of energy required 
to create an electron-hole pair is known, and is independent of the energy of the incident 
radiation, measuring the number of electron-hole pairs allows the energy of the incident 










2.5. SPECTRUM ANALYSIS  
The objective of spectrum analysis (see Fig 2.5) is to identify the photon energy 
peaks and to determine the activity of the irradiated samples using gamma ray 
spectrometry. Activity measurement of samples involves the analysis of the peaks in 
pulse height spectra corresponding to full-energy absorption events based on the number 
of photons emitted. The peak location is a measure of the photon energy and the peak 
area of the photon emission rate. For energy measurements the pulse height scale must be 
calibrated with sources emitting photons of known energies. Two germanium detectors 
were used for measurement of the samples and have been calibrated with sources 
emitting photons of known energies (Ba-133, Cd-109, Co-57, Co-60, Cs-137, Mn-54. 
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Na-22 and Cs/Zn). To compute an emission rate ‗R‘ for a particular nuclide the detector 
system must be calibrated with respect to its full energy peak efficiency ‗‘. The emission 
rate can be obtained from the following equation [19]: 
   
 
 
              (12) 
In above,  
N: Number of counts in the full energy peak 
T: Measuring time 
: Full energy peak efficiency 






Figure 2.5. Flowchart for Gamma ray Spectrum Analysis 
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3. ANALYSIS AND IDENTIFICATION OF ELEMENTS 
3.1. X-RAY FLUORESCENCE  
The X-ray fluorescence measurements were performed (see Fig. 3.1) at the 
Radiation Measurements and Spectroscopy Laboratory (RMSL) of Missouri S&T 
Nuclear Engineering department and different types of kidney stones (Apatite, Brushite, 
Calcium Oxalate Monohydrate 1 & 2, Cystine, Struvite and Uric Acid) were acquired 
from the Mayo Clinic, Rochester, Minnesota.  The schematic of experimental set-up (see 
Fig. 2.1) includes High Purity Germanium (HPGe) detector, connected to a NIM bin 
module and then to a computer with Genie 2000 spectroscopy software. The Cd-109 was 
placed as a radiation source next to the kidney stone on a mounting stand (see Fig. 2.1). 
The primary fluorescence criterion was considered for identification of the elements. A 
beam of monochromatic x-rays was incident on the sample. The angle of incidence was 
90 degree and the detector was on the same side of the sample and adjacent to the source. 
To avoid contamination during measurement, forceps with gloves were used to place the 
sample. The detection geometry was kept same for all kidney stones during counting 
measurements, and each stone was counted for 30 minutes to get a reliable data. In the 
present scenario, the characteristics spectral lines emitted by involved elements were used 
to find the elements and the concentration of the elements. The focus on the Kα and Kβ 
X-ray emissions were considered and elements were then identified (see Fig. 3.2-3.8) 
[20]. Furthermore, data analysis was performed using the PyMCA open source program 
[20]. The curve fitting was performed using fitting configuration functions. In order to 
efficiently run the program several parameters were calculated, optimized and utilized 
based on the specific detection geometry. In summary, fitting parameters, detector 
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composition, beam detail, peak information, attenuator description and source flux was 
utilized to perform the curve fitting operation. The resulting fitted curve was then used to 






Figure 3.1. Description of XRF Method to Determine the Elements and their 










































3.1.1. Concentration Calculation for XRF Measurements. The relationship 
between the count rate and mass concentration for each spectral line can be provided by 
the following equation [21]. 
     
 
  
∑         (13) 
 
where I0 is the incident beam rate, C is the mass fraction of the element in the 
sample, Ω/4π represents the detector geometric efficiency and      is the relative 
intensity. The incident photon flux, relative intensity and the detector efficiency were 
used to calculate the mass concentration of the kidney stones. The incident source energy 
for Cd-109 at 22keV (84%), 25 keV (14%) and 85 keV (4%) was used for the photo 
excitation. The description of the identified elements peaks for each kidney stone and 
their concentration is shown (see Table 3.1). The elements which were identified from 
this techniques are Bromine (Br), Copper (Cu), Gallium (Ga), Germanium (Ge), 
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Molybdenum (Mo), Niobium (Nb), Nickel (Ni), Rubidium (Rb), Selenium (Se), 





Table 3.1 Relative Concentrations of Kidney Stones from XRF Measurement 
RELATIVE CONCENTRATION (%) 
Elements 
Kidney Stones 
Apatite Brushite COM 1 COM 2 Cystine Struvite 
Uric 
Acid 
Ni 0.3162 0.3748 0.3748 0.6644 0.4958 0.1806 - 
Cu - - 0.07804 - 0.8793 0.071 1.008 
Ga - - 0.8682 0.1219 - - 0.2655 
Ge 0.79 0.1443 1.843 0.79 0.6558 0.17 0.1876 
Se 1.101 0.5038 0.1355 0.4765 3.015 0.193 0.5092 
Br 0.08 0.2649 0.1247 - 0.3254 - - 
Rb - 0.2333 - - 0.0437 - - 
Sr 0.0575 0.0936 0.03423 0.1991 0.0388 0.006 - 
Y - - 0.3293 - 0.1091 - - 
Zr - 0.0199 - - - 0.009 - 
Nb - - - 0.0198 - 0.003 - 




3.2. NEUTRON ACTIVATION ANALYSIS  
NAA experiments were carried out at MSTR (see Fig. 3.9); the kidney stone 
samples were sent to the reactor by pneumatic transfer system. The samples were 
irradiated for 3 hr at 100 kW power and then counted on the HPGe detector after 22 
hours of decay time. The decay time of 22 hr was sufficient to cool down the sample for 
an adequate activity. To obtain medium half-life element sample was counted again after 
96 hour of decay time. Afterwards, to get a better statistics and reliable data, kidney stone 
samples were counted for three hours on the HPGe detector. The detection geometry was 
kept same for all counting experiments. As earlier mentioned in the detector set-up 
  
38 
section, the resulting energy spectrum was analyzed for energy peaks for their 
corresponding elements (see Fig. 3.10-3.17). The area value under each peak was utilized 






Figure 3.9. Description of NAA Method to Determine the Elements and their 


























































3.2.1. Concentration Calculation for NAA Measurements. The concentration 
of each element found (see Table 3.2 and 3.3) in the energy spectrum can be related to 
the mass of original stone by the following equation. 
   
(         )(    )
             
     (14) 
Where MI is the mass of the radioisotope, Peak Area is the area under the energy 
peak corresponding to the radioisotope, Arel is the molecular weight of the radioisotope, 




s, σth is the thermal cross section of the 
radioisotope, NAV is Avogadro‘s Number, λ is the decay constant of the radioisotope, and 





Table 3.2 Relative Concentrations of Kidney Stones from NAA Measurement for 3 Hrs 
Counting Times 
RELATIVE CONCENTRATION (%) 
Elements Struvite Apatite COM Uric Acid 
Au - - - 4.11E-12 
Br 1.29906E-09 1.67E-09 1.74E-09 8.69E-11 
I - 2.72E-09 - - 
K 2.48218E-09 2.62E-09 - - 
Na 1.13036E-06 3.44E-06 3.8E-06 2E-07 
Pm - - 1.96E-10 - 
Sb - - - 6.16E-14 
Sm - - - 1.63E-13 
Tb - - 1.14E-09 1.6E-10 









Table 3.3 Relative Concentrations of Kidney Stones from NAA Measurement for 8 Hrs 
Counting Times 
RELATIVE CONCENTRATION (%) 
Elements Struvite Apatite COM Uric Acid 
Au - 5.55E-11 1.76E-11 4.44E-12 
Br 9.45E-09 1.13E-08 8.43E-09 3.11E-10 
Ca 1.5E-13 1.61E-13 8.29E-14 - 
Er - 1.86E-11 5.12E-12 1.29E-12 
Hg 3.2E-12 - - - 
I 4.8E-10 - - - 
K 3.54E-08 3.99E-08 1.65E-08 - 
Na 0.000614 0.000591 0.000131 4.44E-06 
Pm - - - 9.48E-14 
Sc 5.9E-10 5.68E-10 - 3.43E-11 
Sm - 3.1E-12 - 4.13E-13 
Yb 8.92E-11 - - - 






4. DISCUSSION AND CONCLUSION 
The elements which were identified from XRF techniques are Bromine (Br), 
Copper (Cu), Gallium (Ga), Germanium (Ge), Molybdenum (Mo), Niobium (Nb), Nickel 
(Ni), Rubidium (Rb), Selenium (Se), Strontium (Sr), Yttrium (Y), Zirconium (Zr). It is 
important to mention that observed Germanium (Ge) peak is due to the HPGe detector, 
which was used for gamma ray spectrometry. The PyMCA open source program is a 
complete visualization and data analysis tool [4]. The versatility of nonlinear least square 
fitting incorporated ensures a straightforward integration of the program with the existing 
experimental setup. The optimization and accurate description of curve fitting functions 
are essential for the accurate determination of the elements and their concentrations. The 
experiments were carried out to analyze the composition of kidney stone through X-ray 
Fluorescence method at the Radiation Measurement and Spectroscopy Laboratory of the 
Missouri S&T Nuclear Engineering department. The use of PyMCA program to unfold 
the XRF spectrum is a new approach. It has been shown that present experimental set-up 
and utilization of open source PyMCA program can serve as an inexpensive tool to 
identify elemental composition of the kidney stones and their concentration with a high 
degree of accuracy. Furthermore, the elements which were identified from NAA 
techniques are Gold (Au), Bromine (Br), Calcium (Ca), Erbium (Er), Mercury (Hg), 
Iodine (I), Potassium (K), Sodium (Na), Promethium (Pm), Antimony (Sb), Scandium 
(Sc), Samarium (Sm), Terbium (Tb), Ytterbium (Yb), Zinc (Zn). The simple analytical 
equation was utilized for determination of mass concentration of identified element in the 
kidney stone sample.  The results from combined use of XRF and NAA analysis can 
serve as a reliable method to accurately determine the elemental composition of the 
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kidney stones. Furthermore, the elements Sodium (Na) and Bromine (Br) were detected 
by both techniques and consistent with the identified elements in terms of linear 
attenuation coefficients and thermal total cross-sections values. The combined use of 
XRF and NAA experiments provide a comprehensive analysis of the kidney stone 
compositions. The application of both techniques (XRF and NAA) on the kidney stone 
samples provide a mean to detect all possible minor and trace elements involved in 
composition of a  kidney stone sample. The research results could be a valuable addition 
to the existing research database for elementals analysis of the various types of kidney 
stones. Certainly, identified elements in the kidney stone depends on the dietary habits 
and environmental location of the patients. Therefore, presence of different elemental 
composition in each stone can be accounted due to the same cause. The results from such 
analysis can be utilized from physicians and researchers to develop more effective 
methods to develop the new medicines for kidney stones. In future work, more 
experiments can be carried out with different radioisotope sources and flux values for 
XRF and NAA experiments. Additionally, other elemental analysis techniques can be 
parallel performed to provide a more comprehensive analysis and can be compared with 






Calibration Information for HPGe Detector at MSTR  
 




Figure A.2 Shape Calibration 
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Table A.1 Calibration Information for HPGe Detector at MSTR 
 a  b c χ2 
Energy 7.647 + 0.184 Ch  1.462e6 
FWHM 8.432 + -0.180 E  1.167e6 
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